We have purified a minor extracellular serine protease from a strain of Bacillus subtilis bearing null mutations in five extracellular protease genes: apr, npr, epr, bpr, and mpr
We have purified a minor extracellular serine protease from a strain of Bacillus subtilis bearing null mutations in five extracellular protease genes: apr, npr, epr, bpr, and mpr (A. Sloma, C. Rudolph, G. Rufo, Jr., B. Sullivan, K. Theriault, D. Ally, and J. Pero, J. Bacteriol. 172:1024-1029, 1990). During purification, this novel protease (Vpr) was found bound in a complex in the void volume after gel filtration chromatography. The amino-terminal sequence of the purified protein was determined, and an oligonucleotide probe was constructed on the basis of the amino acid sequence. This probe was used to clone the structural gene (vpr) for this protease. The gene encodes a primary product of 806 amino acids. The amino acid sequence of the mature protein was preceded by a signal sequence of approximately 28 amino acids and a prosequence of approximately 132 amino acids. The mature protein has a predicted molecular weight of 68,197; however, the isolated protein has an apparent molecular weight of 28,500, suggesting that Vpr undergoes C-terminal processing or proteolysis. The vpr gene maps in the ctrA-sacA-epr region of the chromosome and is not required for growth or sporulation.
Proteases are one of the major classes of extracellular enzymes that the gram-positive, spore-forming bacterium Bacillus subtilis produces at the end of the exponential phase of growth (18) . Five different extracellular proteases have been identified, and the genes for these enzymes have been mapped and cloned. Alkaline (subtilisin) and neutral proteases encoded by the apr and npr genes, respectively, are the major extracellular proteolytic enzymes (11, 29, 31, 34) . These two enzymes account for more than 90% of the total extracellular protease activity (11, 23) . A large percentage of the remaining protease activity is accounted for by three minor extracellular proteases, bacillopeptidase F (19) , Epr, and Mpr. Bacillopeptidase F and the Epr protein, encoded by the bpr (27, 33) and epr (4, 24) genes, respectively, are both serine proteases, whereas Mpr, encoded by the mpr gene (26) , is a minor metalloprotease (20) .
The capacity of B. subtilis to secrete large amounts of protein has made this organism a good candidate to use as a host for producing heterologous proteins. However, strains of B. sqbtilis bearing null mutations in all five of these protease genes (26) still produce sufficient extracellular protease to degrade some heterologous proteins. As part of a continuing effort to identify and eliminate the residual protease activity in such strains, we have identified an additional minor serine protease, Vpr, and here describe the purification of the protease, the cloning of the gene encoding this enzyme, and the construction of a strain that now has null mutations in six extracellular protease genes. 4°C . Samples of gel supernatant were then assayed for protease activity by using the resorufin-labeled casein protocol. Supernatants from active slices were electrophoresed on two 10% acrylamide denaturing gels overnight at 4 mA per gel. Proteins were visualized by silver staining or Fast Stain. Proteins from gel slices that had protease activity were electrophoretically transferred from a 10% acrylamide denaturing gel to polyvinylidene difluoride membrane (PVDF; Millipore Corp., Bedford, Mass.) and submitted to the Harvard Microchemistry Facility for amino-terminal sequence analysis.
MATERIALS AND METHODS
Amino acid sequence determination. The N-terminal amino acid sequence of protein bands was determined by automated sequential Edman degradation, with subsequent identification and quantitation of phenylthiohydantoin-labeled amino acids by reverse-phase HPLC.
Oligonucleotide preparation. A synthetic oligonucleotide, provided by the DNA Chemistry Department at OmniGene, Inc., was synthesized by the phosphoramidite method (2), using an Applied Biosystems 380A synthesizer. The oligonucleotide was end labeled with [y-32PIATP and T4 polynucleotide kinase.
Southern blots and colony hybridizations. Southern blots (28) and colony hybridizations (7) were performed as previously described. Semistringent conditions were used with the oligonucleotide probe. Hybond-N filters (Amersham Corp.) were prehybridized in 5x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1x Denhardt's solution (0.02% each Ficoll, bovine serum albumin, and polyvinylpyrolide)-50% formamide-100 Kg of denatured salmon sperm DNA per ml at 42°C for 6 h. Hybridizations were performed with the same solution, except that 10% formamide, with the addition of 5 x 105 cpm of 32P-labeled probe per ml, was used. Hybridization filters were washed with 2x SSC-0.1% SDS at 48°C for 1 h.
Hybridizations using 32P-labeled nick-translated DNA were performed under stringent conditions. These conditions were the same as those described above, except that 50% formamide was substituted for 10% formamide in the hybridizations.
DNA isolation and gene library construction. B. subtilis DNA was isolated as previously described (6) . To construct the 1.0-kb HindIII library, total B. subtilis DNA was digested with HindIII; 0.7-to 1.3-kb fragments were electroeluted from a 0.8% agarose gel and ligated to HindIIldigested pUC19 that had been treated with calf intestine alkaline phosphatase for 1 h at 37°C.
Similarly, 0.6-kb BgII and 3.0-kb EcoRI-BglII libraries were constructed by using BglII-digested and EcoRI-BglIIdigested pIC20H, respectively. The 650-bp EcoRI-HindIII library was constructed by using EcoRI-HindIII-digested pUC19.
In all cases, the ligations were done at a 4:1 ratio of insert to vector. The ligation mixtures were incubated at 16°C overnight and transformed in E. coli DH5. Thousands of transformants resulted from each ligation, and plasmid screening indicated that the majority of the colonies contained inserts of the correct size.
DNA sequencing from plasmid DNA was performed by the dideoxy-chain termination method (21) , using the appropriate DNA primers.
Mapping the vpr gene. Mapping of the vpr locus was performed by PBS1 transduction (9) with a lysate from B. subtilis GP279 or GP279 (pNP7). Neor transductants were scored for linkage to the set of reference strains described by Dedonder et al. (5) .
Sporulation. Liquid cultures were grown in Difco Sporulation Medium (22) for 24 h at 37°C. The cultures were diluted, heated to 80°C for 10 min, and plated to determine the number of heat-resistant spores.
Nucleotide sequence accession number. The nucleotide sequence shown in Fig. 4 has been submitted to GenBank and assigned the accession number M76590.
RESULTS
Identification and purification of a new serine protease, Vpr. A B. subtilis strain (GP264) containing deletions in the genes encoding five extracellular proteases (apr, npr, bpr, epr, and mpr) (26) still produced low levels of extracellular protease activity (Table 2 ). This residual protease activity was inhibited by phenylmethylsulfonyl flouride (PMSF), indicating the presence of a serine protease. This new protease, named Vpr, was purified approximately 25-fold by using anion exchange, benzamidine affinity, and HPLC size exclusion chromatographies (see Materials and Methods). A variety of other purification techniques were attempted to further purify Vpr; however, because Vpr was found in a large complex, we were unable to isolate Vpr from other contaminating proteins by conventional procedures. An additional twofold purification of Vpr was achieved by fractionating the size-excluded pool from the HPLC column through a native, SDS-containing polyacrylamide gel. Proteins eluted from the gel slice containing Vpr activity were separated by denaturing SDS-PAGE. Coomassie staining revealed three proteins of 38, 28.5, and 27 kDa (Fig. 1) . Automated sequential Edman degradation of the 28.5-kDa protein band in Fig. 1 yielded a 35-residue N-terminal amino acid sequence (Fig. 2) . Sequence analysis further showed that the 27-kDa protein is a proteolytic fragment of the 28.5-kDa protein; both proteins have identical amino acid sequences from residues 10 to 29, with the 27-kDa protein missing the first nine residues. The 38-kDa protein bore no homology to any B. subtilis protease (data not shown).
Construction of a specific oligonucleotide probe for the vpr gene. Our strategy for cloning the vpr gene was to synthesize an oligonucleotide probe on the basis of the determined N-terminal amino acid sequence of the purified protein. A 75-mer oligonucleotide (Fig. 2) The probe hybridized to a 1-kb HindIII fragment and an approximately 4-kb EcoRI fragment (data not shown). Since the probe hybridized to only one band of each restriction digest, it was assumed to be specific for the vpr gene.
Cloning of the vpr gene. A gene bank of size-selected 1-kb HindIII fragments was constructed as described in Materials and Methods. By using the labeled probe, six clones of 3,000 screened were found to be positive by colony and Southern hybridization analyses. The positive clones all contained identical plasmids with HindIII inserts of 1 kb (pLLP1). DNA sequencing revealed that the 1-kb fragment contained an internal portion of the vpr gene (Fig. 3) (30) . The first 27 amino acids following this Met resemble a B. subtilis signal peptide, with a short sequence containing three positively charged amino acids followed by 20 hydrophobic amino acids ending with Val-Gln-Ala, which conforms to the requirements for a typical signal peptidase recognition sequence (17) . After this cleavage site, there is a propeptide of 132 amino acids followed by the beginning of the mature protein. The deduced amino acid sequence of the beginning of the mature protein matched the determined amino acid sequence exactly (Fig. 2) . The mature protein has a predicted molecular weight of 68,197; however, the isolated protein has an apparent molecular weight of 28, 500 (Fig. 1) . This strongly suggested that Vpr undergoes C-terminal processing or proteolysis.
A search of GenBank revealed that Vpr has homology to other serine proteases, especially those of B. subtilis. As shown in Fig. SA , the homology to the other serine proteases of B. subtilis, Bpr (27) , Epr (24), subtilisin (29) , and Isp-I (12), is most apparent in the areas surrounding the amino acids involved in the active site of subtilisin: Asp, His, and Ser. An unusual feature of Vpr is that there are approximately 125 more amino acids between the histidine and serine residues of the active site of Vpr compared with the other serine proteases of B. subtilis. This intervening region of Vpr has limited homology to a Lactococcus lactis cell envelope-located serine protease (32) (Fig. SB) and a similar cell wall protease from Streptococcus cremoris (13) .
Construction of a null mutation of vpr in the chromosome.
An insertion mutation of vpr was constructed by replacing the wild-type gene in the chromosome with an in vitrocreated insertion mutation. To create this insertion mutation, pLLP1, containing an internal HindIII fragment of vpr, was digested with BglII, treated with Klenow fragment to blunt the ends, and ligated to a 1.3-kb SmaI fragment containing a neomycin resistance gene (neo). The resulting plasmid, pLLP2, was linearized by ScaI digestion and used to transform B. subtilis GP275, selecting for neomycin resistance. Neor transformants were expected to result from a double crossover event between the linear plasmid and the chromosome (marker replacement). One neomycin-resistant colony (GP279) was selected for further study, and Southern hybridization was used to confirm that the neo gene had interrupted the vpr gene in the chromosome (data not shown).
Strains containing a null mutation in vpr were grown in liquid shake flask cultures, and the protease levels were analyzed (Table 2 ). B. subtilis GP264 (Vpr+, mutated for six proteases and containing sacQ* [25] , a positive regulatory gene) was compared with strain GP280 (isogenic with GP264, but containing the insertion mutation in vpr). As shown in Table 2 , the total protease activity in the culture supernatants of the two strains was about equal; mutation of the vpr gene did not lower the extracellular protease levels. This result could be due to the fact that creating a mutation GACACAAGGATT TT TT TGAATT TT CAAGAAAT AT AT AC TAGATCT T TC ACAT TT TT TCTAAMTACAAAWGGGGAAMCACA - TTG AAA AAG GGG ATC ATT CGC TTT CTG CTT GTA AGT TTC GTC TTA TTT TTT GCG TTA TCC ACA GGC ATT ACG GGC GTT CAG GCA GCT CCG 90 GCT TCT TCA MA ACG TCG GCT GAT CTG GAA MA GCC GAG GTA TTC GGT GAT ATC GAT ATG ACG ACA AGC MA AAA ACA ACC GTT ATA GTG 
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DISCUSSION
We have purified a serine protease from the culture supernatant of B. subtilis GP264 (26) containing null mutations in six protease genes (apr, npr, isp-i, epr, bpr, and mpr). This protease, Vpr, is bound in a complex that causes it to be found in the void volume after gel filtration chromatography, despite its molecular weight of 28,500. The corresponding gene, vpr, was cloned and characterized. The vpr gene, like the genes for the other extracellular proteases of B. subtilis (4, 24, 26, 27, 29, 33, 34) , encodes a signal sequence and prosequence preceding the mature enzyme. In addition, the vpr gene encodes a long C-terminal region that is not found in the mature protein. Both epr (4, 24) and bpr (27) , which encode two other minor extracellular serine proteases of B. subtilis, contain regions that encode large C-terminal extensions not found in the mature enzymes. However, no homology between these regions and that of vpr was found. In both Epr (4, 24) and Bpr (33), these C-terminal regions are not needed for activity or secretion of the enzyme.
Predictably, Vpr showed homology to other serine proteases, especially in the area surrounding the conserved amino acids of the active site of subtilisin, but this homology did not extend beyond the mature enzyme (Fig. 5A ). An unusual feature of Vpr is that the spacing between the His and Ser residues, homologous to those in the active site of subtilisin, is approximately 125 amino acids longer than that of subtilisin. In addition, the spacer region has some homology to an analogous region of a cell envelope-located serine protease of L. lactis (32) (Fig. SB) . The L. lactis protease was found to have a membrane-anchoring sequence at its C-terminal end. The homology of the spacer region of Vpr to a membrane-bound protease suggests that Vpr could be a membrane-or cell-bound protease and that the C-terminal region might play a role in that binding. However, since the C-terminal region of Vpr is not homologous with that of the Lactococcus protease or other known membrane-or cell wall-binding regions, its function remains unknown.
A null mutation was created in the vpr gene, allowing the construction of a B. subtilis strain (GP279) containing null mutations in the genes for seven proteases (apr, npr, isp-i, epr, bpr, mpr, and vpr). This strain is not impaired in its ability to grow or secrete extracellular proteins. A small amount of protease activity can be found in the supernatants of this strain (Table 2) , apparently because of the presence of a protease that was previously undetectable. We are currently investigating this new activity.
